Monique P. C. Mulder, [a] Farid El Oualid, [a, b] Jarno ter Beek, [a] and Huib Ovaa* [a] We present the development of a native chemical ligation handle that also functions as a masked electrophile that can be liberated during synthesis when required. This handle can thus be used for the synthesis of complex activity-based probes. We describe the use of this handle in the generation of linkage-specific activity-based deubiquitylating enzyme probes that contain substrate context and closely mimic the native ubiquitin isopeptide linkage. We have generated activity-based probes based on all seven isopeptide-linked diubiquitin topoisomers and demonstrated their structural integrity and ability to label DUBs in a linkage-specific manner.
Ubiquitin (Ub) is a 76-residue post-translational modifier that is commonly conjugated onto lysine residues of a protein substrate and that forms isopeptide-linked chains through selfconjugation onto any of its own seven lysine residues (K6, K11, K27, K29, K33, K48, and K63). [1] Deubiquitylating enzymes (DUBs) are proteases that remove Ub from a substrate and can be divided into a major group of cysteine proteases and a minor group of metalloproteases.
[2] Because DUBs regulate many cellular processes by controlling the Ub landscape, they have become potential drug targets. [3] An important class of reagents used to study DUB activity and substrate specificity are activity-based probes (ABPs).
[4] For a decade, the design of these ABPs has been based on monoUb modified at the C terminus with an electrophilic group that targets the active site cysteine residue, [5] with recent improvements in the level of detection sensitivity and/ or reactivity of the electrophilic group.
[6] Although monoUbbased ABPs contribute(d) significantly to our understanding of DUBs, recent work has made it clear that the presence of substrate context is important for full understanding of how DUBs achieve their substrate specificity. [7] Very recently, three approaches that allow the introduction of substrate context into DUB ABPs have been reported. [8] We have previously reported a nonenzymatic strategy for isopeptide-linked Ub conjugation by native chemical ligation (NCL) between a Ub thioester and a g-or d-thiolysine ligation handle.
[9] Because this allowed us to construct all seven isopeptide-linked diUb conjugates, we wondered whether we could design a NCL handle that would not only ligate Ub onto a polypeptide but also serve as a precursor for the electrophilic "warhead" designated to react with the DUB active site cysteine nucleophile. Here we report a general and scalable synthetic approach towards DUB ABPs that harbor substrate sequence context (Figure 1 ) based on (native) chemical ligation handle 1 (Figure 1 ). This handle allows us first to ligate Ub onto a polypeptide of interest and then, by selective elimination of the residual thiol moiety, [10] to transform it into an electrophile that can capture the catalytic Cys residue of a DUB. Our approach has two key aspects: 1) selective "unmasking" of the reactive electrophilic species in the last step of synthesis avoids potential side-reactions during chemical manipulations, and 2) the final product closely mimics the native isopeptide-linked conjugate in linker length and structure. [8] By our approach (Figure 1 ) we prepared linkage-specific DUB ABPs resembling all seven native diUb isopeptide connectivities (i.e., K6, K11, K27, K29, K33, K48, and K63) and verified their structural integrity with various DUBs.
The synthesis of key building block 1 (Scheme 1) started with the esterification and Boc protection of commercially available racemic 4-amino-3-hydroxybutanoic acid (2) to provide 4 in 70 % yield over two steps. Treatment of 4 with p-toluenesulfonyl chloride in pyridine afforded tosylate 5 in 93 % yield. Substitution of the tosylate with potassium thioacetate gave a low yield of the thioacetate 6, due to elimination of 5 to afford Boc-4-aminobut-2-enoic methyl ester (8 a) . By use of the more sterically hindered DBU (1,8-diazabicycloundec-7-ene) salt of thioacetic acid, the desired thioacetate 6 was obtained in 83 % yield. Selective hydrolysis of the thioacetate with hydroxylamine [11] and simultaneous in situ protection of the thiol with S-tert-butyl methanesulfonothioate gave S-tert-butyl disulfide 7. Because of the base-sensitive character of the building block, the methyl ester of 7 was hydrolyzed with the mild and ester-selective reagent trimethyltin hydroxide, [12] affording 1 in 36 % yield from 6.
To validate our concept we decided to focus first on ABPs based on K11-and K48-linked diUb. In order to preserve the length of the native isopeptide linkage in our design, a lysine This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
residue of interest in Ub was replaced with a diaminobutyric acid residue (Dab, Scheme 2). Using our previously reported linear Fmoc-based solid-phase peptide synthesis (SPPS) of the Ub polypeptide, [9a,b] we synthesized Ub Lys11Dab-(Alloc) and Lys48Dab(Alloc) mutants. Next, the Dab-(Alloc) residue was selectively deprotected with Pd(PPh 3 ) 4 and Ph 3 SiH, followed by on-resin coupling of ligation handle 1 by using benzotriazol-1-yloxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) and DiPEA. Global deprotection with 90 % TFA and purification by HPLC gave the desired proximal Ub mutants 9 (Scheme 2) in AE 15 % overall yield, based on a 100 mmol synthesis scale.
The required Ub(1-75)SEt thioester, representing the distal part of our diUb probe design, was synthesized in a similar fashion and good overall yield by Fmoc SPPS (see the Supporting Information). [9a,b] Native chemical ligation of the (proximal) Ub mutant (20 mg mL À1 , AE 2.25 mm) and Ub(1-75)SEt (1.5 equiv, 30 mg mL À1 , AE 3.5 mm) thioester was performed in 6 m Gdn·HCl, 0.15 m sodium phosphate pH 7.2 with mercaptophenylacetic acid (MPAA, 250 mm) as ligation catalyst. [13] Judged by LC-MS, overnight incubation at 37 8C resulted in full consumption of the proximal Ub mutant 9 (Scheme 2) and formation of the ligation product as MPAA disulfide. A short treatment with TCEP followed by preparative HPLC gave the K11 and K48 diUb conjugates 10 (Scheme 2) in 31 and 48 % yield, respectively. "Arming" (i.e., thiol elimination) of the warhead was achieved by overnight incubation of 10 (0.5 mg mL À1 , 29 mm) with 100 equiv of 2,5-dibromohexanediamide at 37 8C in 50 mm sodium phosphate pH 8.
[10] LC-MS analysis ( Figure S1 ) showed formation of the expected sulfonium intermediate (Figure S1 B) , which is transformed into the armed diUb ABP by basic elimination of the sulfonium group. Finally, HPLC purification afforded both the K11 and K48 diUb ABPs (11, Scheme 2) in 50 % yield from 10.
To investigate their reactivity toward DUBs, we treated the K11 and K48 diUb ABPs with ubiquitin-specific protease 8 (USP8; catalytic domain). Incubation with the K11 and K48 diUb probes showed efficient covalent labeling of USP8 (Figure 2 A) . Next, we targeted the OTU DUB Cezanne, which exhibits selectivity toward K11-linked Ub chains.
[14] Incubation of Cezanne with both probes indeed showed selective labeling of the K11 diUb probe over the K48 diUb probe (Figure 2 B) , thus demonstrating the ability of these probes to capture active DUBs selectively and with distinct target preferences. As a control, we treated Cezanne with 9, the thiol precursor of the K11 diUb ABP, and, as expected, no covalent labeling was observed ( Figure S2 ).
In line with our earlier work on the synthesis and application of fluorescent DUB ABPs, [6c] we decided to create fluorescent versions of the K11 and K48 diUb ABPs, allowing for a more sensitive and faster read-out of labeling experiments. K11 and K48 Cy5-diUb ABPs were synthesized by the synthetic protocol outlined in Scheme 2 but with (synthetic) Cy5Ub(1-75)SEt as the distal Ub component, and compared with the established N-terminally Cy5-labeled Ub-VME probe [6c] for profiling DUB activity. Mouse thymoma El-4 cell lysate was incubated with in- creasing probe concentrations (Figures 3 and S3) , and labeled DUBs were visualized by in-gel fluorescence scanning. The diUb ABPs showed a more restrictive pattern than the monoUb-based Cy5Ub-VME in capturing active DUBs. In line with the Cezanne labeling experiments, Figure 3 also shows that the K11 and K48 Cy5diUb ABPs exhibit somewhat different labeling efficiencies of specific DUBs, especially at lower concentrations of probe.
At this stage we decided to make the remaining DiUb ABPs (i.e., K6-, K27-, K29-, K33-, and K63-linked; see the Supporting Information), by the protocol in Scheme 2. In contrast to the other linkages, the arming reaction of the K27-and K29-linked diUb ABP precursors 10 (Scheme 2) with 2,5-dibromohexanediamide took longer (AE 48 h) and gave rise in each case to a side product with an additional mass of 140 Da. This might correspond to basic elimination of the remaining bromide occurring as an alternative to the nucleophilic attack by the alkylated thiol.
[10] The sluggish progress of this alkylation at the K27 and K29 positions under native conditions is not surprising, because K27 and K29 are the least exposed Lys residues in the Ub fold and also proved unreactive under native conditions during our earlier work synthesizing native linked diUb conjugates. [9a,b] Gratifyingly, the side product underwent thiol elimination and transformed into the desired ABP product on overnight incubation at pH 10 ( Figure S16 ). The structural integrities and reactivities of all seven diUb DUB ABPs were verified by their treatment and covalent labeling of full-length USP7 (Figure S4 B) , which like many of the USP DUB family is known to exhibit promiscuous activity toward all seven isopeptide-linked diUb conjugates. [14, 15] In conclusion, we have presented the synthesis and application of a new ligation handle that enables the synthesis of DUB ABPs with substrate context and a reactive warhead at the correct position in relation to the native Ub isopeptide linkage. Our synthetic approach offers significant synthetic advantages over other methods [8] because the reactive electrophilic species required for capturing the active site Cys residue of DUBs is introduced in the final synthetic step. This allows not only for the synthesis of complex structures but also for the use of reagents that are not compatible with the presence of an electrophilic group. We have shown the efficiency of our approach by synthesizing DUB ABPs based on all seven diUb isopeptide topoisomers and demonstrated their ability to capture DUBs selectively and with distinct target preference. Our strategy of native chemical ligation and "in situ" arming through thiol elimination provides a general route to effective ABP probes that extend beyond their use in ubiquitin.
In summary, a routine native chemical ligation strategy for the synthesis of virtually any ubiquitylated polypeptide-based DUB ABP is now available. Studies directed towards exploiting their potential as cocrystallization tools in elucidating substrate binding of DUB are currently being investigated. In addition, the reagents reported here allow for proteomics studies of protease specificity [8d] and site-specific genetic incorporation of the diaminobutyric acid-Ng-(4-amino-3-mercaptobutanoyl) ligation handle in recombinant proteins with an evolved tRNA synthetase. [16] 
